We retrospectively analyzed 83 consecutive recipients of donor lymphocyte infusions (DLI) after allogeneic transplantation for factors associated with disease response and graft-versus-host disease (GVHD). DLI was highly effective in relapsed chronic phase chronic myeloid leukemia (CML), with 71% of patients achieving durable complete remissions (CR). In relapsed acute myeloid leukemia, DLI led to durable CRs in 31% of patients; the rate was <20% in all other diseases. Achieving full donor chimerism and GVHD were predictive of CR. Grade II or higher acute or chronic GVHD occurred in 36 (43%) patients and contributed to death in 13 (16%). Even more patients, 33 (40%), died of their underlying malignancy, including 10 who developed active GVHD. In relapsed CML, most durable CRs occurred without clinically apparent GVHD, yet all responders achieved full donor chimerism, including 6 with coincident normal host hematopoiesis at the time of DLI. Thus, in CML, potent lymphohematopoietic graft-versus-host reactions occurred even in the absence of clinically apparent GVHD; this confirms the ability to dissociate these processes and argues against a leukemia-specific immunologic effect. DLI clearly has efficacy in the treatment of relapsed disease after allogeneic transplantation. However, with the exception of CML, most patients die of their underlying disease because of insufficient antitumor activity even with active GVHD.
INTRODUCTION
Allogeneic blood or marrow transplantation (alloBMT) has the potential to produce long-term disease-free survival and even cures in some patients with hematologic malignancies. A major component of the antitumor activity of alloBMT is immunologic and is mediated by donor T cells reacting against host antigens [1] [2] [3] . Perhaps the clearest evidence of immunologic antitumor activity is the demonstration that donor lymphocyte infusions (DLIs) can induce remissions in patients who relapse after alloBMT [4] [5] [6] [7] [8] . This is further supported by the finding that patients who relapse after alloBMT can achieve remissions by withdrawal of immunosuppression [9] [10] [11] .
The efficacy of DLI is a function of the underlying disease and disease status at the time of DLI. The best responses are seen in patients with chronic myeloid leukemia (CML) in cytogenetic or chronic phase (CP) relapse; durable remissions are achieved in 70% to 80% of these patients, often at T-cell doses (Յ1 ϫ 10 7 CD3
ϩ T cells per kilogram) that do not produce clinically significant graft-versus-host disease (GVHD) [6, 12, 13] . DLI is less successful in other hematologic malignancies, with response rates ranging from 10% in acute lymphocytic leukemia (ALL) to as high as 40% in multiple myeloma (MM), myelodysplasia (MDS), chronic lymphocytic leukemia, and indolent nonHodgkin lymphoma (NHL); however, many of the responses are not durable [6, [14] [15] [16] [17] [18] [19] [20] [21] [22] . We report a single-institution experience of DLI in 83 consecutive patients with relapsed hematologic malignancies over a 7-year period. We demonstrate that the percentage of donor chimerism at the time of DLI is a powerful predictor of response, as is the development of GVHD. Furthermore, patients who achieved full donor chimerism after DLI were 22-fold more likely to achieve a complete remission (CR) than patients with residual host cells present (P Ͻ .01). Although essential for achieving a CR, except in CML, full donor chimerism was insufficient to prevent relapse.
METHODS AND MATERIALS
All patients aged 18 years and older who received DLI(s) from an HLA-identical sibling after a myeloablative allogeneic transplantation for a hematologic malignancy at Johns Hopkins Hospital were included. The treatment period extended from October 1995 through January 2003. DLI was given for relapsed disease after alloBMT. Patients were eligible to receive DLI if they had evidence of donor chimerism (Ն5%) and were not being actively treated for GVHD. All patients gave informed consent for DLI and follow-up as approved by the Institutional Review Board of the Johns Hopkins Hospital and University. Follow-up on disease status and survival was completed through October 2004. Complete follow-up information was available on 77 patients. Patients with severe GVHD and overwhelming infections were considered deaths from GVHD.
Response Criteria and Measurement of Donor/Host Chimerism
Responses were assessed by using standard response criteria for each of the diseases being treated. Donor-host chimerism was determined by 1 of 3 methods on peripheral blood and bone marrow samples: the use of restriction fragment linked polymorphisms [23, 24] , polymerase chain reaction analysis of variable nucleotide tandem repeats [25, 26] , or by fluorescence in situ hybridization using X and Y chromosome probes, if informative [27] . Pre-DLI chimerism was measured within 4 weeks before the receipt of DLI. Post-DLI chimerism was measured 2 to 3 months after the administration of DLI.
Graft-versus-Host Disease
Patients were evaluated using the Keystone staging system for acute GVHD and the International Bone Marrow Transplantation Registry criteria for chronic GVHD [28, 29] .
Chemotherapy/Immune Adjuvants
Twenty-five patients received chemotherapy within 4 weeks before their DLI as part of a planned combination approach. These patients all had aggressive disease and were in need of cytoreduction to allow time for development of an immunologic antitumor effect from DLI. In each case, DLI was given without assessing response to chemotherapy. Two patients received chemotherapy within the first 4 weeks after DLI because of rapid disease progression. Two patients with CML received interferon alfa concomitant with their first DLI, whereas interferon alfa or interleukin 2 was given to 8 patients as an immune adjuvant in the setting of DLI dose escalation.
Donor Lymphocyte Infusions
Doses of DLI ranged from 0.1 to 5 ϫ ϩ T cells per kilogram according to the protocol they were enrolled on. Dose escalation was used in patients who were alive and free of GVHD and who did not achieve a CR after the initial dose of DLI or whose disease had clearly progressed at least 3 months after the initial DLI. One patient with ALL was given escalated DLI at 2 months after the initial dose for evidence of disease progression. All other patients who received dose escalated DLI received it between 3 and 8 months after the initial DLI.
Statistical Methods
Statistical analysis was performed by using SPSS 11.0 (SPSS Inc., Chicago, IL), Stata (StataCorp, College Station, TX), and SAS (SAS Institute, Cary, NC). Progression-free survival was calculated for patients who achieved a remission, from the date of DLI to the date of disease progression or death from any cause. Overall survival was calculated from the date of DLI to the date of death. Patients without evidence of progression were censored at the time of last contact. Follow-up on disease status and survival was completed through October 2004. Complete follow-up information was available on 77 patients. The Fisher's exact test was used to compare binomial outcomes between groups. Kaplan-Meier methods were used to calculate survival probability, and log-rank tests were used to test for differences in survival curves between diagnostic groups. Cox proportional hazards models and 2 tests were used to determine which variables were associated with the onset and development of GVHD. These analyses were performed by using only
Graft-versus-Host Reactions and Effectiveness of DLI
the first DLI that each patient received so as not confound the interpretation by including the same patient twice. Logistic regression models were also used to describe which characteristics were associated with a CR.
RESULTS

Patient Characteristics
DLIs were given to 83 patients (Table 1) with relapsed hematologic malignancies between October 1995 and January 2003. Of these 83 patients, 64 received 1 infusion, and 19 received Ն2 infusions. The total number of DLIs given was 112. The median age was 45 years (range, 21-67 years); 49 patients were men, and 34 were women.
DLI was given to 73 recipients of T cell-depleted myeloablative allogeneic transplants and 7 recipients of unmanipulated myeloablative allogeneic transplants. Three patients received 2 myeloablative transplants before DLI: 2 had a second alloBMT (1 T-cell depleted [by elutriation] and 1 unmanipulated), and 1 received alloBMT for disease relapse after an autologous transplantation. DLI was given to treat the following relapsed diseases: CML in CP or cytogenetic relapse (n ϭ 17), CML in accelerated phase/blast crisis (AP/BC; n ϭ 5), MM (n ϭ 20), acute myeloid leukemia (AML; n ϭ 13), MDS/MP (n ϭ 12), HD (n ϭ 8), aggressive NHL (n ϭ 4), ALL (n ϭ 3), and follicular NHL (n ϭ 1; Table 1 ).
The median interval between transplantation and first DLI was 492 days (range, 69-5339 days). For patients with CML in CP or cytogenetic relapse, the median time to first DLI was 916 days (range, 232-5339 days), which is significantly longer than the median time to DLI for all other indications combined: 427 days (range, 69-3702 days; Table 1 ).
DLI for Relapsed Disease
Salvage chemotherapy was given to 25 patients with relapsed disease, from 3 to 28 days before DLI. The diseases treated included AML (n ϭ 7), HD (n ϭ 3), MM (n ϭ 5), MP (n ϭ 2), ALL (n ϭ 2), CML in AP/BC (n ϭ 2), MDS (n ϭ 2), aggressive NHL (n ϭ 1), and indolent NHL (n ϭ 1). The regimens varied and included cyclophosphamide, etoposide, topotecan, cytarabine, and doxorubicin. In each case, the decision to give chemotherapy was based on the aggressiveness of the disease and the need to achieve cytoreduction to allow time for development of an immunologic antitumor effect. Response to chemotherapy was not assessed before the administration of DLI because it was a planned combination approach. Of the 25 patients, 6 achieved CR, all after developing GVHD with DLI. Only 2 of these 6 patients are alive in continuous CR; 4 patients subsequently died (2 of disease and 2 of GVHD in CR). Three patients achieved partial remissions (PR), all with GVHD; 2 subsequently relapsed and died of their disease, and the other died of GVHD with an ongoing response.
As has been found in most series, patients with CML in CP or cytogenetic relapse had the highest CR rate, at 77% (Table 2) , with a similar rate for both CP and cytogenetic relapse (Table 3) . DLI also had significant activity in most other relapsed diseases, with CR rates of 50% in aggressive NHL, 33% in ALL, 46% in AML, 30% in MM, 20% in CML in AP/BC, 15% in MDS/MP, and 13% in HD (Table 2) . With the exception of CML in CP or cytogenetic relapse, for which all responding patients except 1 (who died of GVHD) remain in CR, with a median follow-up of 857 days (range, 487-2657 days), relapses were common in other diseases. Thus, of the 66 patients with diseases other than CML in CP or cytogenetic relapse, only 14% (9/66) are alive in CR, with a median follow-up of 383 days (range, 10-3031 days) and a median survival of 321 days (range, 10-3031 days; Table 3 ). Although 31% of relapsed AML patients remain in remission after DLI (median follow-up of 1526 days; range, 1495-1551 days), the durable remission rate is Յ20% in all other diseases. Additional dose-escalated DLI was given to 19 patients who did not achieve CR or had progression within 3 months after the initial T-cell infusion. The diseases treated included CML-CP (n ϭ 6), MDS/MP (n ϭ 5), MM (n ϭ 2), CML in AP (n ϭ 2), small lymphocytic lymphoma (n ϭ 1), AML (n ϭ 1), ALL (n ϭ 1), and HD (n ϭ 1). Of the 6 CML patients in CP or cytogenetic relapse who received dose escalation, 3 (50%) achieved CR. Of the 13 patients with diseases other than CML in CP or cytogenetic relapse, only 1 (7%) achieved CR with dose escalation, and the CR was not durable despite the development of GVHD.
Graft-versus-Host Disease
The overall incidence of acute (grade II or higher) or chronic GVHD was 36% after the first dose of DLI and was 43% when taking dose escalation into consideration ( Table 4 ). The overall incidence of acute GVHD (grade II or higher) was 35%. Chronic GVHD was seen in 33% of the patients treated. The incidence of acute and chronic GVHD did not differ significantly with the T-cell dose given; it was 32%, 42%, 36%, and 33%, re-
Causes of Death
To date, 55 (66%) of 83 patients have died. By far, the most common cause of death was relapsed disease (60%; 33/55). GVHD caused or contributed to death in 24% (13/55) of patients who died (5 in CR, 2 in PR, and 2 without measurable disease). Six patients died of infection (including 1 in CR and 1 in PR); 3 patients died of other causes (myocardial infarction, interstitial pneumonitis, and second malignancy). A Kaplan-Meier survival curve stratifying survival for patients with CML in CP or cytogenetic relapse versus all other diseases is shown in Figure 1 , thus confirming earlier findings that demonstrated superior survival for patients with CML in CP or cytogenetic relapse as compared with all other diseases (P Ͻ .001). MI indicates myocardial infarction. 
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Factors Predictive of GVHD and Response
By using a 2 test, patients with relapsed disease who developed grade II or higher acute or chronic GVHD were significantly more likely to achieve a CR than patients who did not (P Ͻ .001). When the analysis was repeated by looking at the CML in CP subgroup, the development of GVHD did not correlate with achieving CR (P ϭ .10), whereas the effect persisted in patients who received DLI for all other relapsed diseases (P Ͻ .01). Univariable logistic regression models were fit to identify variables associated with a response to DLI (Table 5 ). In these models, the only variable that was predictive of a response was the reason for DLI; patients who received DLI for CML in CP (cytogenetic relapse included with CP for this analysis) were more likely to respond than patients who received DLI for relapsed disease other than CML in CP. Univariable and multivariable logistic regression models were fit to describe the relationships among chimerism, GVHD, and response. The percentage of donor chimerism before DLI had a significant effect on the development of GVHD and subsequent responses. Patients with Ͼ50% donor chimerism before DLI were 4.5 times (95% confidence interval, 1.7-12.5 times; P Ͻ .01) more likely to achieve a CR than patients whose donor chimerism was Ͻ50% at the time of DLI (Table 5) . Furthermore, according to the Fisher t test, patients who achieved full donor chimerism were 21-fold more likely to achieve a CR than patients with residual host cells present (P Ͻ .001). No other variable, including age, patient/donor sex, time to DLI, or T-cell dose, reached statistical significance in these models when the group was analyzed as a whole. When the sub- GVHD indicates graft-versus-host disease. *One patient with limited-stage chronic GVHD developed extensive chronic GVHD with dose escalation. 
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group of patients with AML was analyzed with the Wilcoxon rank test, the time between BMT and DLI was statistically significant: the median time was 544 days (range, 203-1631 days) in the responders, compared with 152 days (range, 69-420 days) in the nonresponders (P ϭ .035).
Cox proportional hazards models were used to look at factors associated with the development of GVHD (Table 6 ). Only the percentage of donor chimerism before DLI had a significant effect on the development of GVHD. Patients with Ͼ50% donor chimerism before DLI were 3.4 times (hazard ratio, 3.4; 95% confidence interval, 1.5-7.6; P Ͻ .01) more likely to develop GVHD at any point in time than patients whose donor chimerism was Ͻ50% at the time of DLI (Table 6 ).
Mechanisms Responsible for the Activity of DLI in CML
CML is unique in its sensitivity to DLI in that responses are frequently seen in the absence of clinically evident GVHD. The mechanisms responsible for the responsiveness of CML to DLI, however, remain unclear. Although most (17/19) of the CRs in diseases other than CML were associated with clinically apparent GVHD, 7 of the 13 CML patients (CP and cytogenetic) who achieved a CR to DLI exhibited no evidence of GVHD. Of the 17 patients who received DLI for CML (in CP or cytogenetic relapse), 10 were part of a trial that used T-cell depletion followed by granulocyte-macrophage colony-stimulating factor for 2 months after BMT in an attempt to prevent relapse [30] . Granulocyte-macrophage colony-stimulating factor has been shown to preferentially terminally differentiate CML progenitors and was thus added after transplantation in an effort to eradicate residual CML cells that survived T cell-depleted alloBMT [31] [32] [33] . Of the 23 patients who underwent transplantation on this trial, 8 exhibited stable mixed chimerism (Ͼ10% host hematopoiesis; median, 18%; range, 11%-45%) without evidence of relapse (absence of Philadelphia chromosome by fluorescent in situ hybridization and cytogenetics; unpublished data). Although 2 of these 8 patients remain in remission with stable mixed chimerism at 2 and 3 years after BMT, 6 of 8 have subsequently relapsed and gone on to receive DLI. All 6 cases achieved a complete cytogenetic and molecular remission with DLI. All 6 also converted to persistent full donor chimerism, although only 3 of the 6 developed any evidence of GVHD. Because normal and CML host hematopoiesis were both eliminated, the DLI responses in CML were associated with effective graft-versus-host reactions, even when clinical GVHD was not apparent.
DISCUSSION
Most disease responses after DLI occur in the setting of GVHD [6, 15, 34] . However, durable re- CI indicates confidence interval. CI indicates confidence interval.
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sponses are often seen in CP CML with T-cell doses (1 ϫ 10 7 cells per kilogram) that are associated with a low incidence of clinically apparent GVHD [7, 8, 35] . We found that residual normal host hematopoiesis was also eradicated in all CML patients who achieved CRs with DLI. Thus, the CML patients who responded to DLI exhibited potent lymphohematopoietic graft-versus-host reactions even though GVHD was not clinically apparent in many patients. The similar sensitivity of CML and normal hematopoiesis to DLI argues against a leukemia-specific immunologic reaction and probably explains CML's high response to DLI. With malignant progression to AP/ BC, CML shows the same limited responsiveness to DLI as other hematologic malignancies.
Patients with Ͼ50% donor chimerism before DLI were more likely to achieve a CR. Furthermore, those who achieved full donor chimerism after DLI were 22 times more likely to achieve a CR than patients who did not. The finding that the degree of donor chimerism correlates with disease response to DLI could be explained by donor chimerism serving as a marker of minimal residual disease; that is, patients with high levels of donor chimerism before DLI have the lowest disease burdens at the time of DLI and thus might be expected to benefit the most from DLI. However, the degree of donor chimerism was also highly predictive of the development of GVHD, and this finding should not be explained by donor chimerism being a marker of disease burden. Because the development of GVHD after DLI was the strongest predictor of disease response, the correlation between disease response to DLI and donor chimerism is likely a reflection of donor chimerism being a marker for graft-versus-host reactions rather than disease burden.
Although necessary for the immunologic antitumor activity, GVHD produced significant morbidity and mortality. GVHD was the cause of or contributed to death in 24% of the patients who died. Recurrent disease, however, was an even larger problem and led to 60% of the deaths in this series. Moreover, only 2 of 25 patients who received chemotherapy for relapsed disease before DLI are alive in continuous remission. Clearly, outside of CML, novel approaches that enhance the antitumor activity of DLI while minimizing GVHD are needed. One approach that has shown promise is the use of autologous tumor vaccines in combination with DLI in a murine model [36, 37] . Thus, it may be possible to incorporate tumor vaccines with DLI in an endeavor to educate donor T cells and enhance antitumor activity, perhaps by using lower doses of donor T cells that may reduce GVHD [38] . Even if this is effective, autologous tumor will not be available for all patients, and other approaches will be needed to improve the antitumor activity of adoptive immunotherapy. Dose escalation of DLI was used in 19 patients who did not respond or who relapsed after an initial response to DLI and did not have active GVHD. Although dose escalation has been reported to induce remissions in patients who do not respond [7, 8] , CML was the only disease in which we saw durable responses with dose escalation. Of the 6 CML CP patients who received dose-escalated DLI, 3 achieved a durable CR. As other groups have reported [6, 13, 15] , we found no correlation between the dose of T cells administered and the risk of developing GVHD.
DLIs clearly have the potential to induce remissions in patients who relapse after allogeneic transplantation. Their efficacy seems greatest in patients with CML in CP or cytogenetic relapse, those with Ͼ50% donor chimerism at the time of DLI, and in those who develop GVHD and full donor chimerism after DLI. Unfortunately, except in CML, most patients continue to die of their underlying disease because of insufficient antitumor activity even in the face of active GVHD.
